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CONTROL MPER~ENCES OF THE x-15 PERTINENT TO LIFTING ENTRY* 

By Euclid C. Holleman 

W A  Fl ight  Research Center 


SUMMARY 

I n  the  program t o  expand the  f l i g h t  envelope of t he  X-13 airplane, f l i g h t s  
t o  and en t r i e s  from a l t i t udes  up t o  350,000 f e e t  have been accomplished. 
During these entr ies ,  f l ight-control  experience w a s  obtained with four d i f fe r 
ent control- system configurations having varying degrees of complexity. The 
high steady acceleration and rapidly changing aerodynamic environment did not 
affect  the p i l o t ' s  capabi l i ty  t o  control the  entry. A l l  the  control  systems 
evaluated were judged by the  p i l o t s  t o  be sa t i s fac tory  for t he  control  of t he  
X-13 entry f r o m  the  design a l t i tude .  Entries have been made t h a t  presented 
more severe control  problems than predicted fo r  en t r i e s  of advanced vehicles 
a t  higher ve loc i t ies .  

INTRODUCTION 


A t  the  time of the l a s t  Conference on the  Progress of  the  X-15 Project, 
i n  1961, t he  immediate goal of the X - l 5  program was the expansion of the 
f l i g h t  envelope of  the  airplane. An a l t i t ude  of 217,000 f e e t  had been reached 
i n  preparation f o r  f l i g h t s  t o  the  design a l t i t ude  of 250,000 f e e t .  During 
t h i s  ear ly  p a r t  of the project,  several  problems were encountered t h a t  threat
ened t o  c u r t a i l  t he  program. Some of these problems were the  general control
l a b i l i t y  ( r e f .  1)of the  basic airplane and the  r e l i a b i l i t y  of t h e  i n e r t i a l  
and s t a b i l i t y  augmentation systems ( r e f .  2 ) .  However, these d i f f i c u l t i e s  were 
solved and the  o r ig ina l  program objectives have been accomplished. 

The purpose of t h i s  paper i s  t o  discuss t h e  f l i g h t  experiences i n  
recovering the X-15 airplanes from high a l t i t ude  with conventional and adapt
ive  controls, and t o  place these experiences i n  proper perspective r e l a t i v e  t o  
fu ture  l i f t i ng -en t ry  programs. 

- .-

*This paper w a s  included i n  a c l a s s i f i ed  report  e n t i t l e d  "Fourth Confer
ence on Progress of the  X - l 5  Research Airplane Program," Fl ight  Research 
Center, Oct. 7, 1965. NASA SP-90, 1965. 



SYMBOLS 


longi tudinal  acceleration, g un i t s  

l a t e r a l  acceleration, g uni t s  

normal acceleration, g un i t s  

acceleration due t o  gravity, f e e t  per second2 

al t i tude,  f e e t  

roll acceleration due t o  a i leron deflection, l/second2 

Mach number 


pi tch  acceleration due t o  hor izonta l - ta i l  deflection, l/second2 


yaw acceleration due t o  v e r t i c a l - t a i l  deflection, l/second2 


ro l l i ng  velocity,  degrees per second 


dynamic pressure, pounds per square foot  


time, seconds 


velocity,  f e e t  per second 


angle of attack, degrees 


angle of s idesl ip ,  degrees 


angle of bank, degrees 


ai leron deflection, radians 


hor i  zont a l - t a i l  def l ec tion, radians 


v e r t  ical- t a i l  defl ect ion, r adi ans 


Subscripts : 

AV average 

MAX maximum 

2 



HIGH-ALTITUDE AND ENTRY EXPERIENCE 

A time h is tory  of a f l i g h t  t o  an a l t i t ude  of 354,200 f e e t  ( f ig .  1) i l lus
t r a t e s  the  type of mission the  X-15 i s  capable of .  Following launch a t  about 
45,000 fee t ,  t he  p i l o t  advances the  t h r o t t l e  and climbs t o  high a l t i tudes  i n t o  
the  region of extremely low dynamic pressure. After maximum a l t i t ude  i s  
reached, during descent, t he  p i l o t  s t ab i l i ze s  the  airplane a t  t he  desired 
angle of a t tack  fo r  reentry. Reentry f l ight-path angle i s  high, approximately
38" f o r  t h i s  f l i g h t .  The buildup i n  dynamic pressure, acceleration, and 
temperature i s  rapid but of short  duration. 

Entr ies  have been made with each of two var ia t ions  of two basic control  
systems. Two X-15 airplanes are equipped with conventional aerodynamic con
t r o l s  with s t a b i l i t y  augmentation and acceleration command reaction controls.  
Backup aerodynamic damping augmentation has been added f o r  redundancy, and 
reaction augmentation has been added f o r  increased cont ro l lab i l i ty  a t  low 
dynamic pressure. Another X-15 airplane i s  equipped w i t h  an adaptive control 
system, the  MH-96 f l i g h t  control system, which was developed under Air Force 
contract  f o r  evaluation i n  advanced vehicles. The X-15 program provided the  
opportunity t o  evaluate the  design capabi l i t i es  of the  system i n  ac tua l  entry 
f l i g h t .  The system has adaptive gain-changing rate-command aerodynamic and 
rate-command react ion controls i n  all three control axes, blended aerodynamic 
and react ion controls, a t t i t ude  command or hold modes, and normal-acceleration 
l imit ing.  

Fl ight  experience with the  X-15 during high-alt i tude f l i g h t s  and en t r ies  
with these controls i s  summarized i n  t ab le  I. Since 1961, t h e  design a l t i t ude  
has been demonstrated by using the  airplanes with conventional and adaptive 
control  systems, and f l i g h t s  t o  much higher a l t i tudes  have been made with the  
airplanes equipped with t h e  adaptive control  system. Since 1962, a l l  f l i g h t s  
have been made w i t h  t h e  lower vent ra l  removed, because it was found t h a t  the  
airplane configuration without the lower vent ra l  was more controllable 
( re f .  3).  

The X-15 entry control  t a sk  requires the  p i l o t  t o  es tab l i sh  and hold the  
desired angle of  a t tack  u n t i l  normal acceleration builds t o  t h e  desired value, 
and then t o  hold normal acceleration u n t i l  a constant gl ide angle of a t tack or 
constant r a t e  of descent i s  achieved. 

By means of t h i s  control  technique, en t r ies  from high a l t i tudes  have been 
made t o  cover a wide range of entry parameters: average values o f  entry angle 
of a t tack  aAv,maximum values of normal acceleration (az)MAx,and maximum 

dynamic pressure & ( f ig .  2 ) .  These values are  not unique functions of the  

maximum a l t i tude ,  s ince they may be a l te red  by p i lo t ing  technique; however, 
they represent the entry experience obtained. The design a l t i t ude  of 
250,000 f e e t  i s  shown f o r  reference. Entry angle of a t tack  has varied from 
about l 2 O  t o  20° during en t r ies  from the  lower a l t i tudes .  During en t r ies  from 
higher a l t i tudes ,  angles of a t tack  up t o  about 25O were used. The use of entry 
angles of a t tack  higher than these values i s  not planned, inasmuch as t r i m  

3 



capabi l i ty  i s  l imited because of t he  increased s t a t i c  longitudinal s t a b i l i t y  
a t  high angle of attack. Also, some control  m u s t  be reserved f o r  t h e  s t a b i l i t y  
augmentation system. 

A range of normal acceleration of only about 3g t o  5g has been covered, 
s ince higher accelerations were not required fo r  recovery and there  w a s  no 
need t o  t e s t  t o  t h e  design l i m i t  of t h e  airplane.  A wide range of entry 
dynamic pressure was  covered, inasmuch as t h i s  quantity i s  more c r i t i c a l l y  
dependent on p i lo t ing  technique. Maximum ent ry  dynamic pressure w a s  about 
1900 pounds per square foot.  

ENTRY CONTROL m R I E N C E  

During f l i g h t s  t o  high a l t i tudes ,  t h e  control  problems of l i f t i n g  entry 
a t  r e l a t ive ly  low ve loc i t ies  have been met and solved by u t i l i z i n g  the  a t t r i 
butes of  the  p i l o t  and the  automatic systems. Entr ies  have been accomplished 
i n  a va r i e ty  of entry environments and with several  degrees of control-system 
sophis t ic  a tion. 

A comparison of en t ry  con t ro l l ab i l i t y  with the  most and the  l e a s t  sophis
t i c a t e d  control  systems i s  shown i n  f igure  3. The en t r i e s  were made with the  
ventral-on airplane configuration. 

The p l o t s  on the  l e f t  i n  f igure  3 show an entry with t h e  p i l o t  f ly ing  
manually using t h e  conventional control  system which has acceleration react ion 
controls and aerodynamic damping augmentation. On the  r igh t  i n  f igure  3, t he  
p i l o t  i s  using the adaptive control  system With att i tude-hold modes operative. 
This system also has command react ion controls t h a t  a re  automatically blended 
with the  aerodynamic controls.  

The most s ign i f icant  difference between the two ent r ies  i s  the  magnitude 
of t he  angle-of-sideslip osc i l l a t ion  as normal acceleration and dynamic pres
sure  build up. The excursions a re  smaller and the  con t ro l l ab i l i t y  was supe
r i o r  with the  higher-gain system. The en t r ies  were made by different  p i l o t s ;  
however, t h e i r  evaluations of t h e  entry control  tasks  were similar--
sat isfactory,  with a s l i g h t  deter iorat ion i n  the  la te ra l -d i rec t iona l  mode. A t  
angles of a t tack  higher than achieved during these en t r ies ,  however, t h e  
con t ro l l ab i l i t y  of the  airplane with the  adaptive control  system i s  predicted 
on t h e  X-13 simulator t o  be c l ea r ly  superior. 

Entry con t ro l l ab i l i t y  With t h e  other controls evaluated, conventional 
controls with s t a b i l i t y  augmentation (SAS) and react ion damping (RCIX) and the  
adaptive r a t e  command controls, has been ra ted  sa t i s fac tory  also by t h e  p i l o t s .  
The p i l o t s '  average ra t ing  of entry pitch,  roll, and yaw con t ro l l ab i l i t y  with 
the  various control  systems i s  swmnarized i n  t a b l e  11. Although entry 
con t ro l l ab i l i t y  with all the  controls was  ra ted  sat isfactory,  t he  adaptive 
r a t e  command controls were ra ted  superior t o  t h e  other controls.  The con
ventional controls with react ion augmentation were ra ted  l e a s t  sat isfactory;  
however, t he  p i l o t s  did appreciate t he  addition of t h e  reaction damping. All 
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f l i g h t s  t o  high a l t i tude ,  s ince the  addition of react ion augmentation, have 
been made with t h i s  system. Recent f l i g h t s  have been made with better-defined 
control  objectives fo r  t he  follow-on program. The p i l o t  ra t ings  probably 
r e f l e c t  these control  requirements. Only a l imited number of en t r ies  have been 
made with the adaptive system hold modes; however, these control modes have 
been used more extensively i n  other phases of f l i g h t .  P i lo t  opinion on the  
use of hold modes i s  mixed. These modes grea t ly  reduce the  p i l o t ' s  concentra
t i o n  and workload, but  some p i l o t s  prefer  t o  be act ive i n  the  control loop a t  
all times. A n  acceptable compromise preferred by some i s  act ive control  of t he  
primary control  mode, pitch,  and the  use of a t t i t ude  command i n  roll and yaw. 

The amount of control  used during X-15 en t r i e s  i s  summarized and compared 
t o  the  control available i n  f igure 4. The aerodynamic control  angular accel
erat ion used i n  pitch,  roll, and yaw includes t h e  c r i t i c a l  setup period p r io r  
t o  dynamic-pressure buildup through pul lout  t o  a constant gl ide angle of 
a t tack  o r  r a t e  of descent. The controls used include both the  p i l o t  and the  
augmentation system. 

A much higher percentage of available aerodynamic control  was used i n  
pitch,  primarily fo r  t r i m  t o  es tab l i sh  and hold angle of  attack, than was used 
i n  t h e  other control  modes. During the  i n i t i a l  p a r t  of t he  entry, nearly 
100 percent of the control available w a s  used t o  i n i t i a t e  pullout, but as 
dynamic pressure increased and the  pullout developed, a lower percentage of 
control  was required. The control  used i n  r o l l  and yaw w a s  low and was f o r  
s tab i l iza t ion .  Similar requirements f o r  s t ab i l i za t ion  i n  p i t ch  were indicated. 
Reaction controls were used during the  f irst  p a r t  of t he  entry. Reaction 
controls with an authori ty  of only about 1percent of t h e  maximum available 
aerodynamic controls were found t o  be completely sat isfactory.  

Since the  p i l o t  i s  dependent on systems f o r  s t ab i l i za t ion  during t h e  
entry, some discussion of systems experience i s  i n  order. Many of the  prob
lems with the  various control systems were solved during the  design and ear ly  
f l i g h t  t e s t s .  Some of these, such as l i m i t  cycles, s t ruc tu ra l  coupling, and 
overa l l  r e l i a b i l i t y  ( r e f .  2 ) ,  have been analyzed and solutions found. Other 
problems were recognized, but, because they were never expected t o  be encoun
te red  i n  f l i gh t ,  no hardware changes were made t o  t h e  airplane. However, some 
of  the  problems were encountered i n  f l i g h t .  Typical was saturation, which l e d  
t o  nonlinear system i n s t a b i l i t y  with the  high-gain adaptive system. 

Early i n  the  design of t he  adaptive controls  it w a s  recognized t h a t  high 
r a t e  commands from the  p i l o t  could not be followed by the  control-surface 
actuators.  Servo motion would be re f lec ted  back t o  the  p i l o t ' s  s t i c k  as s t i c k  
kicks, and system i n s t a b i l i t y  would be experienced because of  t he  i n a b i l i t y  of 
the  system t o  follow the  commanded rate. For near ly  40 f l i gh t s ,  ra te - l imi t  
problems were not encountered, even during en t r i e s  f romthe  highest a l t i tudes .  
However, t h e  problem was experienced during a r e l a t i v e l y  routine f l i g h t  and 
the  airplane became uncontrollable i n  roll f o r  a short  time. A f l i g h t  record 
of t h a t  experience i s  presented i n  f igure 5.  Roll and p i t ch  r a t e  exceeded the  
recorded limits during the  maneuver, as indicated by t h e  dashed l i nes .  The 
s t r a igh t  segments of the  time h is tory  indicate  t h a t  the  servo r a t e  l i m i t  was 
exceeded. 
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The incident w a s  i n i t i a t e d  by a ra ther  modest p i t ch  control  command with 
some r o l l  command by the  p i l o t .  The resu l t ing  r a t e  l imi t ing  of t he  servo 
produced su f f i c i en t  system lag to reduce the  pitch-damper effectiveness and t o  
cause the  r o l l  command system t o  go unstable. Reduced commands and adaptive 
gains res tored the  system t o  operational status, and t h e  airplane motions were 
again damped. 

Analysis of t h e  problem showed t h a t  t he  system nonlinear i n s t a b i l i t y  w a s  
caused by rate-limit-induced l a g  a t  low frequencies. The inclusion of a 
simple lag-lead c i r c u i t  i n  t h e  servo loop t o  reduce the  lag a t  the  c r i t i c a l  low 
frequencies appeared promising. Simulation t e s t s  indicate  t h a t  t h i s  change 
w i l l  r e su l t  i n  improved con t ro l l ab i l i t y  with l i t t l e  degradation i n  overa l l  
system performance. Incidentally,  many of t h e  control-system problems have 
been studied on the  fixed-base simulator; however, t h i s  phenomenon w a s  non
reproducible on the  simulator u n t i l  t h e  capacity and hydraulic pressure of t h e  
hydraulic system were increased t o  be s imilar  t o  t h a t  of t he  airplane.  

During the  design and f l i g h t  t e s t i n g  of the  X-15 airplane, simulation has 
been r e l i e d  on more heavily than i n  any other a i rplane program. Both general 
and spec i f ic  control  problems have been invest igated by use of various ground-
based and airborne s imula tors ,  as i l l u s t r a t e d  i n  f igure  6. A complete six
degree-of-freedom simulation using the  cockpit and ac tua l  control hardware, 
shown i n  the  center of t h e  figure,  was mechanized ear ly  i n  the  design of t he  
airplane. The simulator i s  s t i l l  used f o r  f l i g h t  planning and p i l o t  famil
i a r i za t ion  ( r e f .  4) .  Routinely, p i l o t s  have evaluated t h e  f i d e l i t y  of t h e  
simulator i n  comparison with ac tua l  f l i g h t .  The consensus of the  p i l o t s  i s  
t h a t  t h e  fixed-base simulation s a t i s f a c t o r i l y  duplicates t he  X-13 instrument 
f l ight-control  task.  However, it i s  only as good as i t s  mechanization and, 
thus, for realism, must be as complete as possible and must be updated on the  
basis  of ac tua l  f l i g h t  experience. 

Before the f l i g h t s  t o  high a l t i tude ,  t he  f i rs t  p i l o t s  practiced entry 
f l i g h t  on a moving-base simulator under the  actual  acceleration environment t o  
determine the  detrimental e f f ec t s  of acceleration on cont ro l lab i l i ty .  However, 
they, and p i l o t s  added t o  the  program l a t e r ,  have s ince concluded t h a t  prac
t i c e  under high acceleration w a s  unnecessary. Entry acceleration of 3g 
(normal) and l g  t o  2g (longitudinal)  had l i t t l e ,  i f  any, e f f ec t  on t h e i r  con
t r o l  performance during entry. 

One possible exception w a s  t h e  pilot-induced osc i l l a t ion  with t h e  dmpers
off, ventral-on configuration ( r e f .  5 ) .  The fixed-base simulator f o r  t h i s  
configuration, with t h e  p i l o t  using a special  control technique, gave an 
optimistic indicat ion of t h e  con t ro l l ab i l i t y  compared with t h a t  experienced i n  
actual  f l i g h t ,  since it provided no kinesthet ic  or outside v isua l  cues. In  
t h i s  case, the  acceleration environment w a s  detrimental t o  control. 

POSSIBLE APPLICATIONS 

A comparison of X-15 entry with a simulated o r b i t a l  l if t ing-body entry 
( f ig .  7) shows l i t t l e  similarity. The X-15 en t r i e s  are  of much shorter 
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duration and present a more severe control  problem with the  rapid buildup i n  
dynamic pressure and acceleration than t h e  o r b i t a l  entry. 

However, t h e  X-15 en t ry  experience does provide r e s u l t s  t h a t  may be appli
cable t o  cer ta in  launch-abort s i tua t ions  and t o  terminal ranging t o  a landing 
f o r  future  l i f t i ng -en t ry  vehicles.  Figure 8 shows an X-15 entry from 
283,000 f e e t  and an E-F2 simulated l if t ing-body entry following abort during 
the  f i r s t - s t age  launch. Similar l eve l s  of acceleration a re  required fo r  each 
vehicle pullout.  Although the  "wing" loading of the  l i f t i n g  body i s  somewhat 
greater  than t h a t  of t he  X-15, t he  e f fec t  of t he  lower l i f t -d rag  r a t i o  of the  
l i f t i n g  body i s  la rger  and r e s u l t s  i n  lower peak dynamic pressure during entry. 
Like the  X-15 airplane, t h e  con t ro l l ab i l i t y  of t he  l i f t i n g  body w a s  indicated 
t o  be sa t i s f ac to ry  with moderate gain dampers. 

RECOVERY GLIDE 

I n  addition t o  t h e  entry experience with the  X-15 airplane,  many f l i g h t s  
have been made t o  hypersonic speeds f o r  research purposes. Several recovery 
techniques have been investigated.  Some of these were t o  maintain constant 
angle of a t tack f o r  m a x i m u m  range, constant dynamic pressure fo r  obtaining 
heating and other aerodynamic data, and. constant r a t e  of change of a l t i t ude  
f o r  controll ing range by f l ight-path control. These f l i g h t s  have been planned 
as s t r a igh t  approaches t o  the  landing area from about 100,000 fee t  and a Mach 
number of 5. Only terminal maneuvering t o  t h e  landing w a s  required and, with 
the  X-15 airplane, t he  p i l o t s  have preferred a 360" approach t o  landing. This 
approach a l lows  the  p i l o t  t o  deplete excess range by bank-angle modulation. 

T h i s  recovery technique w i l l  be representative of  a l i f t ing-entry-vehicle  
approach t o  the  landing s i t e  from the i n i t i a l  conditions of  100,000 f e e t  and a 
Mach number of 5 .  Although react ion controls may be used during t h e  i n i t i a l  
phase of entry a t  higher Mach numbers, aerodynamic controls are  expected t o  be 
used f o r  the  control of airplane a t t i t ude  while controll ing range and approach 
t o  landing. 

The aerodynamic controls used and the maneuvering required during t h e  
X-15 recovery from Mach 5 t o  landing i s  summarized i n  f igure  9. Note t h a t  t he  
Mach number i s  highest at t he  r ight ,  decreasing t o  landing speed t o  the  l e f t .  
Only s m a l l  bank angles and l o w  r o l l  r a t e s  were used by the  p i l o t s  during the  
s tab i l ized  high Mach number portion of t he  recovery. Less than 10 percent of  
the  roll control available was used. About 40 percent of t h e  longitudinal con
t r o l  available was used f o r  t r i d n g  t o  the  desired angle of a t tack  f o r  control 
of range. 

A t  t he  lower Mach number, s ign i f icant ly  more bank angle and r o l l  r a t e  
were used fo r  terminal maneuvering; however, a much lower percentage of control 
available was used i n  both roll and pi tch,  inasmuch as effectiveness i s  higher 
and much l e s s  control  i s  required fo r  longi tudinal  t r i m .  Fromthese r e su l t s  it 
can be infer red  t h a t  t h i s  p a r t  of the  recovery of en t ry  vehicles w i l l  require 
subs tan t ia l ly  l e s s  control  than conventional f i gh te r - a i r c ra f t  maneuvering, 
inasmuch as maneuvering i s  minimal except during landing approach. 
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CONCLUDING l3MARIG 

Successful piloted entries from high altitudes, the most extreme from 
354,200 feet, have been accomplished With the X-15 airplane. The high steady
acceleration and rapidly changing aerodynamic environment did not affect the 
pilot's capability to control the entry. All the control systems evaluated 
were judged by the pilots to be satisfactory for the control of the X-1.5 entry 
from the design altitude. The overall X-15 flight experience should be useful 
in assessing control requirements for future lifting-entry vehicles. Entries ? 
have been made that presented more severe control problems than predicted for 
entries of advanced vehicles at higher velocities. 

Flight Research Center, 

National Aeronautics and Space Administration, 


Edwards, Calif., October 7, 1965. 
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TABU 1.- SUMMARY O F  HIGH-ALTITUDE E X � ' m C E  

M a x i m u mYear a l t i tude ,  

1961 217,ooo 

1962 246,700

1962 247,000

1962 193,600

1962 314,750

1963 271,700

1963 209,400 

1963 223,700

1963 285,000 

1963 226,400 

1963 347,800

1963 354,200

1964 195,800

1965 209,600 

1965 244,700 

1965 280,600 

1965 212,600 

1965 208,700 

1965 271,000 


f t  Control system 

Conventional - SAS 
Adaptive (hold) 
Conventional - SAS 
Adaptive ( r a t e  command) 
Adaptive (hold) 
Adaptive ( r a t e  command) 
Adaptive ( r a t e  command) 
Adaptive ( r a t e  command) 
Adaptive ( r a t e  command) 
Conventional - SAS, RAS 
Adaptive ( r a t e  command) 
Adaptive ( r a t e  command) 
Conventional - SAS 
Adaptive ( r a t e  command) 
Adaptive ( r a t e  command) 
Adaptive ( r a t e  command) 
Conventional - SAS, RAS 
Conventional - SAS, RAS 
Adaptive ( r a t e  command) 

Configuration 

Ventral on 
Ventral on 
Ventral on 
Ventral on 
Ventral on 
Ventral o f f  
Ventral o f f  
Ventral o f f  
Ventral off  
Ventral o f f  
Ventral o f f  
Ventral o f f  
Ventral o f f  
Ventral o f f  
Ventral off  
Ventral off  
Ventral off  
Ventral o f f  
Ventral off  

TABLE 11.- PILOT RATING OF ENTRY CONTROLS 

~~ 

Conventional Conventional 

P i lo t  SAS SAX-RAS 
1 

Aver age No. of Average 
r a t ing  f l i g h t s  r a t ing  

2.4 6 1.6 
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X-15 FLIGHT TO HIGH ALTITUDE 
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RANGE OF X-15 ENTRY PARAMETERS 
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CONTROLLABILITY OF ENTRY FROM 250,000 FEET 
VENTRAL ON 

CONVENTIONALCONTROLS WITH ADAPTIVE CONTROLS WITH 
STABILITY AUGMENTATION HOLD MODES 

Figure 3 


CONTROL UTILIZATION DURING X-15 ENTRY 
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Figure4 



SYSTEM SATURATION INSTABILITY 
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X-15 MANEUVERING EXPERIENCE 
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